New velocity data in addition to literature data derived from sonic log, seismic, and laboratory measurements are analyzed for clastic silicate rocks. These data demonstrate simple systematic relationships between compressional and shear wave velocities. For water-saturated clastic silicate rocks, shear wave velocity is approximately linearly related to compressional wave velocity and the compressional-to-shear velocity ratio decreases with increasing compressional velocity. Laboratory data for dry sandstones indicate a nearly constant compressional-to-shear velocity ratio with rigidity approximately equal to bulk modulus. Ideal models for regular packings of spheres and cracked solids exhibit behavior similar to the observed watersaturated and dry trends. For dry rigidity equal to dry bulk modulus, Gassmann's equations predict velocities in close agreement with data from the water-saturated rock.
INTRODUCTION
The ratio of compressional to shear wave velocity (Vp/v,) for mixtures of quartz, clays, and other rock-forming minerals is significant in reflection seismology and formation evaluation.
In this paper, we investigate the Vp/v, ratio in binary and ternary mixtures of quartz, clays, and fluids.
The classic paper by Pickett (1963) popularized the use of the ratio of compressional to shear wave velocities as a lithology indicator. Figure 1 , reproduced from Pickett's paper, shows the distinct difference in Vp/V, for limestones, dolomites, and clean sandstones. Nations (1974) , Eastwood and Castagna (1983) , and Wilkens et al. (1984) indicated that Vp/V, for binary mixtures of quartz and carbonates tends to vary almost linearly between the velocity ratios of the end members with changing composition. Figure 2 shows compressional and shear wave velocities for minerals reported in the literature (e.g., Birch, 1966; Christensen, 1982) . These velocities are calculated from single crystal data and represent isotropic aggregates of grains. Also plotted is an extrapolation of Tosaya's (1982) empirical relation for V p and V, in shaly rocks to 100 percent clay and zero porosity. The position of this "clay point" depends upon the particular clay mineral, and it is plotted only to indicate roughly the neighborhood in which velocities of clay minerals are to be expected. Interpretation of sedimentary rock velocities should be done in the context of these mineral velocities.
We establish general Vp/V, relationships for clastic silicate rocks by comparing in-situ and laboratory data with theoretical model data. Available velocity information is examined for data from water-saturated mudrocks and sandstones. We examine laboratory data from dry sandstone and compare with simple sphere pack and cracked media theoretical model data. Data from water-saturated rocks are similarly investigated. The results of the relationships established between V p and V, are then applied to calculations of rock dynamic moduli. Finally, the general V p -V, trends versus depth are estimated for Gulf Coast clastics.
EXPERIMENTAL TECHNIQUES
We have combined a variety of in-situ and laboratory measurements for clastic silicate rocks that includes our data and data extracted from the literature. In-situ compressional and shear wave velocities were obtained by a number of sonic and seismic methods which are described in detail in the literature cited. Due to the development of shear wave logging, it is now possible to obtain shear wave velocities routinely over a wide range of borehole/lithologic conditions with few sampling problems and in quantities which were never before available (Siegfried and Castagna, 1982) .
Both our laboratory data and laboratory data we assembled from the literature were obtained using the pulse transmission technique. Compressional and shear wave velocities are determined for a sample by the transit time of ultrasonic pulses (approximately 200 kHz to 2 MHz), The jacketed sample is placed in either a pressure vessel or load frame so that stresses can be applied. Temperature and pore fluid pressure can also be controlled. Details of the techniques are found in Gregory (1977) or Simmons (1965 
OBSERVATIONS IN MUDROCKS
We define mudrock as clastic silicate rock composed primarily of clay-or silt-sized particles (Blatt et al., 1972) , Lithified muds are composed primarily of quartz and clay minerals, Owing to the difficulty associated with handling of most mudrocks, laboratory measurements on these rocks are not commonly found in the literature. Measurements that do exist are generally biased toward highly lithified samples. Figure 3 is a~-versus-~plot of laboratory measurements for a variety of water-saturated mudrocks. For reference, lines are drawn from the clay-point velocities extrapolated from Tosaya's data (V p = 3.4 km/s,~= 1.6 krn/s) to calcite and quartz points. The data are scattered about the quartz-clay line, suggesting that V p and~are principally controlled by mineralogy.
In-situ sonic and field seismic measurements in mudrocks ( Figure 4 ) form a well-defined line given by 150 140 110 120 130 
where the velocities are in km/s, In view of the highly variable composition and texture of mudrocks, the uniform distribution of these data is surprising. We believe this linear trend is explained in part by the location of the clay point near a line joining the quartz point with the velocity of water. We hypothesize that, as the porosity of a pure clay increases, compressional and shear velocities decrease in a nearly linear fashion as the water point is approached. Similarly, as quartz is added to pure clay, velocities increase in a nearly linear fashion as the quartz point is approached. These bounds generally agree with those inferred from the empirical relations of Tosay a (1982); the exception is for behavior at very high porosities. The net result is that quartz-clay-water ternary mixtures are spread along an 
OBSERVATIONS IN SANDSTONES
elongate triangular region loosely defined by clay-water, quartz-clay, and quartz-water lines. (1) indicate that V p ' J< for mudrocks is highly variable, ranging from less than 1.8 in quartz-rich rocks to over 5 in loose, water-saturated sediments, This is a direct result of the nonzero intercept at the water point. Compressional and shear wave velocities obtained by sonic logging in geopressured argillaceous rocks of the Frio formation that exhibit clay volumes in excess of 30 percent. as determined by a neutron-density crossplot, are plotted in Figure 5 , Most of the data are consistent with equation (I) and Figure 4 , Figure 6 is a plot of sonic log data in shaly intervals reported by Kithas (1976) . As with Figure 5 , these data arc well described by equation (1).
Figure 4 and equation
The trend of Pickett's (1963) laboratory data for clean watersaturated sandstones ( Figure 7 ) coincides precisely with equation (I) established for mudrocks, The correspondence of V p / V, for sandstones and mudrocks is not entirely expected, Figure 8 is a plot of sonic log V p and V; data in sandstones exhibiting less than 20 percent neutron-density clay volume in the Frio formation, Except for some anomalously low "'~/k~ratios indicative of a tight gas sandstone (verified by conventional log analysis), the data again fall along the water-saturated line established for mudrocks. Also falling along this line are sonic velocities for an orthoquartzite reported by Eastwood and Castagna (1983) , In-situ measurements for shallow marine sands compiled by Hamilton (1979) fall above the line, Sonic log velocities reported by Backus et al. (1979) and Leslie and Mons 11982) in clean porous brine sands tend to fall slightly below the line ( Figure 9 ). Figure 10 is a compilation of our laboratory data for watersaturated sandstones with data from the literature (Domenico, 1976; Gregory, 1976; King, 1966; Tosaya. 191\2; Johnston, 1978; Murphy, 1982; Simmons, 1965; Hamilton 1971) To first order, the data are consistent with equation II); however. they are significantly biased toward higher V, for a given~;,. The location of some sandstone data on the mudrock watersaturated line, although other data fall below this line. is presumably related to the sandstone texture and or clay content.
Following the lead of Tosaya (1982) , we used multiple linear regression to determine the dependence of sonic waveformderived compressional and shear wave velocity on porosity and clay content for the Frio formation. We applied conventional log analysis to determine porosity and volume of clay (~) from gamma ray, neutron, and density logs, The resulting relationships for the Frio formation are 
The correlation coefficient r for both of these relationships is ,96, The equations of Tosaya (1982) for laboratory data are
The similarity between our equations and Tosaya's is evident. and V p (krn/s) = 5.8 -8,6q, -2.4~:l' 
DRY SANDSTONES: LABORATORY DATA AND IDEAL MODELS for zero-porosity sand/clay mixtures. These equations reveal that increasing porosity or clay content increases Vp/I!,. and that the velocity ratio is more sensitive to porosity changes. According to Gregory (1977) , Poisson's ratio is about 0.1 (corresponding to ViI!,.:::; 1.5) for most dry rocks and unconsolidated sands, and it is independent of pressure. Figure l l is a crossplot of Vp/v, versus r-;, for dry and water-saturated Berea sandstone. Note that the water-saturated points are reasonably close to the relationship defined by equation (I),
whereas the dry points are nearly constant at a Vp/I!,. of about i.5. Figure 12 is a compilation of laboratory compressional and shear wave velocities for dry sandstones. The field data of White (1965) for loose sands also are included. The data fit a line having a constant Vp/V, ratio of 1.5.
We gain some insight into the behavior of dry sandstones by considering various regular packings of spheres. The reader is referred to White (1965) and Murphy (i982) for a detailed discussion. The dry compressional (V~) to shear (Vf) velocity ratio, as a function of Poisson's ratio (v) of solid spheres, is
for a simple cubic packing (SC) of spheres; stones. Note that one sandstone with calcite cement plots well above the line. These relations are valid only at elevated confining pressures when the packings have sufficiently high bulk and shear moduli to propagate elastic waves. The velocity ratio cancels the pressure dependence: however, this pressure restriction should be kept in mind.
From equations (4a) through (4c) we see that dry Vp/~is constant or dependent only upon Poisson's ratio of the spheres (v). For quartz spheres (v~0.1), dry Vp/~is virtually the same for these pac kings (FCC = 1.41, HCP = l.4l SC = 1.45).
Dry Vp/~ratios based on these regular packings of spheres ( Figure 13 ) indicate that the elastic properties of the grains are of secondary importance. The maximum range of dry V p / ".; is for SC, and varies only from ,)2 to v3 when Poisson's ratio of the spheres varies from 0 to 0.5. For all practical purposes, dry Vi".; for packings of common rock-forming minerals is from 1.4 to 1.5.
For real rocks, of course, a number of complicating factors must be considered. One of these is the presence of microfractures or pores of low aspect ratio. One means of studying the effects of microfractures is to make velocity measurements on samples before and after cracking by heat cycling. Figure 14 shows the results of heat cycling on dry sandstones obtained by Aktan and Farouq Ali (1975) . The effect of the addition of micro fractures is to reduce both compressional and shear wave velocities in a direction parallel to the dry line. maintaining a nearly constant V p / ".; ' Further insight into the effect of microfractures is provided by modeling the elastic moduli of solids with various pore aspect ratio spectra utilizing the formulation of Toksoz et al. (1976) . This theory assumes randomly oriented and distributed noninteracting elliptical pores and, therefore, may not be valid for highly porous or shaly rocks.
As an example, we computed the Vp/~relationship for the inverted Boise sandstone pore spectrum (Cheng and Toksoz, 1976) . This was done by maintaining the same relative concentrations among the aspect ratio distribution but uniformly increasing the entire distribution to increase the total porosity. Our intent was to show that aspect ratio distributions thought to be characteristic of actual rocks produce behavior In close agreement with observed trends. We do not imply that these distributions are quantitatively applicable to real rocks. Except sure conditions. Qualitatively, the data from water-saturated sandstones are consistent with equation (1) but tend toward higher V. for a given V p '
Given the compressional and shear wave velocities obtained in the laboratory for dry sandstones, we use Gassmann's (1951) equations to compute velocities when these rocks are saturated with water. Gassmann's equations are: 
IlD~KD'
These are exactly equal when V~/V~= 1.53.
From equation (5c)it follows that
Thus, the saturated shear velocity can be obtained from the dry bulk modulus by where K w is the bulk modulus of the wet rock, K s is the bulk modulus of the grains, K o is the bulk modulus of the dry frame, K F is the bulk modulus of the fluid, Ilwis the shear modulus of the wet rock, 110 is the shear modulus of the dry rock, Pw is the density of the wet rock, PF is the density of the fluid, Ps is the density of the grains, and <P is the porosity. Figure 17 is a plot of computed (from Gassmann's equations) and measured saturated compressional and shear wave velocities. Although the individual points do not always coincide, the computed and measured data follow the same trend. We also can apply Gassmann's equations to the equations for dry regular packing arrangements of spheres given by Murphy (1982) . Figure 18 shows the relationship between V p and V. for water-saturated SC, HCP, and FCC packings. Note that the packings of equal density (FCC and HCP) yield virtually the same curve. The curves obtained for these simple packings are qualitatively consistent with the low-velocity experimental data of Hamilton (1971) and Domenico (1976) .
For water-saturated rock, the formulation of Toksoz et al. (1976) predicts that the addition of microfractures will change the V p -V. relationship (Figure 19 ). The inverted Boise sandstone pore aspect ratio spectrum yields a line close to equation (I). Closing all cracks with aspect ratios less than 0.1 yields a line which lies below equation (1). Thus, we might expect data for clean porous sandstones dominated by equant porosity to lie slightly below the line defined by equation (1), whereas tight sandstones with high concentrations of elongate pores would tend to lie along this line. Verification of this hypothesis is left as an objective offuture research.
A good description of the water-saturated V p -V. relationship for sandstones is provided by the following formulation. The dry line established with laboratory data (Vp/V.~1.5) means that dry bulk modulus (K o ) is approximately equal to dry rigidity (110) (Figure 15 ). It is interesting to note that an identical computed line is obtained when all cracks with pore aspect ratios less than 0.1 are closed. This is consistent with the results of Atkan and Farouq Ali (1975) shown in Figure 14 . The addition of microfractures to a dry rock lowers V p and v., but does not change the Vp/v. ratio appreciably.
To summarize, we examined two extreme cases for dry rocks by two different models: (1) regular packings of spheres and (2) cracked solids. Both models predict a nearly constant Vp/V. for dry sandstone, which is consistent with experimental observation. Equations (9) and (10) We computed shear-wave velocities for sandstone core porosities and sonic log compressional velocities given by Gregory et al. (1980) for depths from 2 500 to 14 500 ft in two wells 500 ft apart in Brazoria County, Texas. Figure 20 shows that the resulting V p -v: relationship is in excellent agreement with our sandstone observations. Similarly, in Table 1 we compare the calculated shear velocities to the measured laboratory values. The differences are usually less than 5 percent, demonstrating excellent agreement with the theory. Since part of these differences must be due to experimental error and to our assumption that the matrix is 100 percent quartz, we consider the agreement remarkable. Additionally, Gassmann's equations are strictly valid only at low frequencies. Further corrections can be applied to account for dispersion. The Holt sand sample, which gives the largest discrepancy in Table I , illustrates the importance of the assumption that dry bulk modulus is equal to dry rigidity [equation (6)]. The dry Vp/V: for this Holt sand sample is 2.17 (Table   2 ), far different from the ratio of 1.53 required for equality of dry bulk and shear moduli. This variation is probably due to the high carbonate cement component of this rock. However, given this measured dry ratio, we can still apply Gassmann's equations to calculate the water-saturated values. As shown in Table 2 , these predicted values are virtually identical to the measured velocities.
For clean sandstones at high pressures and with moderate porosities, porosity is often estimated by the empirical timeaverage formula (Wyllie et aI., 1956) ,
Pw
The wet bulk modulus is given by
where V~is the grain compressional velocity and V, is the fluid velocity. Figure 21 shows the V p -v: relationship predicted by 60 -, ---------------. . . . " . , equations (5), (9), (10), and (11) . This "time-average" line describes the laboratory data from water-saturated conditions presented in Figure 10 extremely well. Recalling the results of crack modeling shown in Figure 19 , one explanation for the validity of this empirical formula would be the dominance of pores of high aspect ratio. Compressional and shear velocities, along with the density, provide sufficient information to determine the elastic parameters of isotropic media (Simmons and Brace, 1965) . These parameters proved useful in estimating the physical properties of soils and characteristics of formations (see, for example, Richart, 1977) . However, the relationships given by equation (1) for mudrocks or Gassmann's equations and equation (6) for sandstones fix V, in terms of V p ' Hence, the elastic parameters can be determined for clastic silicate rocks from conventional sonic and density logs. This explains in part why Stein (1976) was successful in empirically determining the properties of sands from conventional logs.
In this discussion we assumed that equation (1) holds to first order for all clastic silicate rocks, with the understanding that Gassmann's equations might be used to obtain more precise results in clean porous sandstones if necessary. For many rocks, particularly those with high clay content, the addition of water softens the frame, thereby reducing the bulk elastic moduli. The following empirical relationships are, therefore, not entirely general but are useful for describing the wide variety of data presented here. As shown in Figure 22 , bulk and shear moduli are about equal for dry sandstones. Adding water causes the bulk modulus to increase. This effect is most pronounced at In recent years there has been increased use of V p '~, and Vp/~in seismic exploration for estimation of porosity, lithology, and saturating fluids in particular statigraphic intervals. The above analysis both complicates and enlightens such interpretation. It is clear that clay content increases the ratio Vp/~, as does porosity. The analyses of Tosaya (1982) and Eastwood and Castagna (1983) and equations (3a) and (3b) indicate that Vp/~is less sensitive to variation of clay content than to variation of porosity. However, the range of variation in clay content may be larger. Thus, Vp/V, can be grossly dependent upon clay content. Figure 25 shows~J~computed as a function of depth in the Gulf Coast for noncalcareous shales and clean porous sandstones that are water-saturated. The compressional velocity and porosity data given in Gregory (1977) are used to establish the variation with depth. Equation (I) is used to predict~for shales, and Gassmann's equations are used for sandstones. At a given depth, shale velocity ratios are on the order of I() percent higher than sandstone velocity ratios. 
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To first order, we conelude that shear wave velocity is nearly linearly related to compressional wave velocity for both watersaturated and dry clastic silicate sedimentary rocks. For a given V p , mudrocks tend toward slightly higher VP/v. than do clean porous sandstones.
For dry sandstones, v,,/V, is nearly constant. For wet sandstones and mudstones, Vp/V, decreases with increasing Vp.
Water-saturated sandstone shear wave velocities are consistent with those obtained from Gassmann's equations. The watersaturated linear v,,-versus-V. trend begins at V p slightly less than water velocity and V, = 0, and it terminates at the compressional and shear wave velocities of quartz. The dry sandstone linear Vp-versus-V. trend begins at zero velocity and terminates at quartz velocity. Dry rigidity and bulk modulus are about equal.
Theoretical models based on regular packing arrangements of spheres and on cracked solids yield Vp-versus-V. trends consistent with observed dry and wet trends.
We believe that the observed Vp-versus-V,-relationship for wet clastic silicate rocks results from the coincidental location of the quartz and clay points. The simple sphere-pack models indicate that the low-velocity, high-porosity trends are largely independent of the mineral elastic properties. As the porosity approaches zero, however, the velocities must necessarily approach the values for the pure mineral. In this case, clay and quartz fall on the extrapolated low-velocity trend. These conclusions are somewhat at odds with conventional wisdom that Vp/V, equals 1.5 to 1.7 in sandstones and is greater than 2 in shales. Clearly, mapping net sand from Vp/V, is not as straightforward as conventional wisdom would imply. In clastic silicates, shear wave velocities for elastic moduli estimation or seismic velocity control may be estimated from equation (1) and/or Gassmann's equations and conventional logs. Alternatively, our relationships indicate that when V p and V. are used together, they can be sensitive indicators of both gas saturation and nonelastic components in the rock. Gas saturation will move the v,,/V, toward the dry line in Figure 16 .
Nonelastic components can also move the ratio off the mudrock line, as shown by the Holt sand sample marked as calcareous in Figure 16 .
The possibly ambiguous interpretation of lithology and porosity from V p, v" and Vp/V, in seismic exploration also applies to log analysis. However, because sonic logs are generally a part of usual logging programs, the interpretation of full waveform sonic logs should be made in the context of other logging information (as we did) to obtain equations (2a) and (2b). Other logs which are sensitive to clay content and porosity (e.g., neutron and gamma-ray) are needed to evaluate the details of how porosity and clay content separately affect clastic rocks. In gas-bearing and highly porous zones where the time-average equation fails, combined v" and V, information may potentially be used in porosity determination. Assuming that the time-average equation works for compressional transit times and that dry incompressibility equals dry rigidity, Gassmann's equations yield a nearly linear relationship between shear wave transit time and porosity. This relationship is well described by a time-average equation 1/V, -IjV< P = 1.12 s/km -l/VD ownloaded 15 Oct 2012 to 75.148.212.146. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/
